The estimation of the time of arrival ͑TOA͒ and/or time of flight of the ultrasonic echoes is essential in ultrasonic nondestructive evaluation. In this paper, matching pursuit method has been used to analyze noisy ultrasonic pulse-echo wavelet and decompose the noisy pulse-echo wavelet into unit-norm vectors. The error ratio of the mean square is used to monitor the acceptability of the unit-norm vector obtained by the matching pursuit performance. A matched filter can be designed by using the time reversal of the approximation pulse-echo wavelet obtained by the reconstruction result with several large coefficient decomposed unit-norm vectors. After performing the matched filter, the part of the signal related to the electrical noise will be removed leaving only the correlated portion of the ultrasonic echoes. Then no initial phase have been contained in the processed ultrasonic echoes. Therefore, the TOA can be estimated directly from the peaks of the representation of the processed signal. Numerical simulations and experimental results make evidence the good performance of the proposed approach which has good effect of noise suppression and results in much improved accuracy in the estimation of echo arrival time.
I. INTRODUCTION
Many ultrasonic testing applications are based on the estimation of the time of arrival ͑TOA͒ and/or time of flight ͑TOF͒ of the ultrasonic echoes. It produces a peak at the TOA of the received signal. Unfortunately, the received signals are also contaminated by noise originating from both the measurement system and specimen. The noise embedded in useful signals, sometimes even very heavy, places a fundamental limit on the detection of small defects and the accuracy of measurement. The amplitude of the flaw echo can be quite small, and buried in coherent noise, leading to some difficulty in detecting them with an acceptable signal to noise ratio ͑SNR͒.
1,2 Enhancement of the SNR using various signal processing techniques has been developed. [3] [4] [5] Signal time averaging, matched bandpass filtering, frequency spectrum analysis, auto-or cross-correlation analysis, high order spectrum analysis, split spectrum processing technique, and autoregressive analysis have all been used to denoise ultrasonic signals.
The methods used to estimate TOA and TOF in ultrasonic applications are mainly based on the cross-correlation method. The cross-correlation method stems from the matched filtering approach, where a linear time invariant filter is designed to produce maxima at the TOA of the received pulse-echo wavelet. The received pulse-echo wavelet is assumed to be a time-shifted, amplitude-scaled, and noise-corrupted version of the reference echo. The crosscorrelation integral is computed by shifting the reference echo and integrating over the received signal. It would produce a peak at the TOA of the received signal because the correlation of the received signal with the reference signal at that time instant is expected to be the maximum. 6 However, the received pulse-echo wavelet is a nonlinear function. One cannot design a filter to match the received pulse-echo wavelet absolutely. The major shortcoming of the crosscorrelation method in TOF estimation is the unavailability of the reference signal. Theoretically, the transducer impulse response is the reference signal, but the exact shape of the impulse response is not known. Therefore, the approximation of pulse-echo wavelet is essential for designing a matched filter to estimate TOA and TOF. Adaptive time-frequency analysis by basis pursuit is a quite recent technique for decomposing a signal into an optimal superposition of elements in an overcomplete waveform dictionary. This technique has been successfully applied to denoising ultrasonic signals contaminated with grain noise in highly scattering materials 7 as an alternative to the wavelet transform technique. More recently, matching pursuit ͑MP͒ method has been applied for SNR improvement in ultrasonic NDT of highly scattering materials. This method is very efficient eliminating noise and increasing the visibility of ultrasonic flaw signals. 8 In this study, we use matching pursuit method to analyze noisy ultrasonic pulse-echo wavelet and decompose the noisy pulse-echo wavelet into unit-norm vectors. The error ratio of the mean square is used to monitor the acceptability a͒ Electronic mail: liangwei@sjtu.edu.cn.
of the unit-norm vector obtained by the matching pursuit method. The approximation of the pulse-echo wavelet can be obtained by the reconstruction result with several large coefficient unit-norm vectors. Then, a matched filter can be designed by using the time reversal of the approximation pulseecho wavelet. Applying the matched filter to the measured ultrasonic signal, the TOA can be estimated from the peak of the processed ultrasonic signal.
The remainder of this paper is organized as follows. Section II is devoted to the study of the estimation method of the TOA. In Sec. III, the definition and basic properties of the matching pursuit are recalled. Meanwhile, the error ratio of the mean square is developed in this section. In Secs. IV and V, results obtained from the analysis of numerical and actual ultrasonic signals are presented. Conclusions are given last.
II. ESTIMATION OF THE TIME OF ARRIVAL
In ultrasonic nondestructive testing, the measured ultrasound signal y͑t͒ can be modeled as
where h͑t͒ represents the transmitted wavelet which is influenced by the propagation as well as the transducer impulse response, and h͑t͒ is also called the ultrasonic pulse-echo wavelet. The ultrasonic signal is modulated to the transducer central frequency, so, the transducers dominate the modulated process. The term e͑t͒ accounts for the measurement noise and can be characterized as white Gaussian noise ͑WGN͒. i giving the time of the spikes which is related to the location of the reflector as the distance from the transducer over the speed of ultrasound in the propagation path, and ␤ i giving their amplitudes which is primarily governed by the impedance, size, or orientation of the reflector. Consider a system s͑t͒ which maps the measured ultrasound signal y͑t͒ into the output stochastic process y ͑t͒ in accordance with the following rule:
The objective is to find the form of s͑t͒ that makes the system optimal in sense of the certain criterion to maximize the SNR.
In the frequency domain, Eq. ͑2͒ can be stated as
where Y ͑͒, Y͑͒, H͑͒, S͑͒, and E͑͒ are the Fourier transforms of y ͑n͒, y͑t͒, h͑t͒, s͑t͒, and e͑t͒, respectively. The SNR can be written as
.
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When S͑͒ = CH * ͑͒ or S͑͒ = CH͑͒, C is an arbitrary constant, the equation can be obtained. The output y ͑t͒ can be obtained maximal SNR. Then, the matched filter has this very simple time domain form
If s͑t͒ = Ch͑t͒, it can be see from Eq. ͑3͒ that the term H͑͒S͑͒ has the initial phase arg͕H͑͒S͖͑͒.
If s͑t͒ = Ch͑−t͒, Eq. ͑3͒ can be rewritten as
From Eq. ͑6͒ we can see that ͚ i C␤ i ͉H͉͑͒ 2 exp͑−j i ͒ has no initial phase. Once the peak of the output y ͑t͒ = y͑t͒ * s͑t͒ is found, the TOA can be determined by C␤ i H͑͒H * ͑͒exp͑−j i ͒, in other words, the TOA can be obtained directly from the peaks of term
In order to find a good estimate of the TOA , the high resolution ultrasonic pulse-echo wavelet h͑t͒ ͑the transmitted wavelet or the reference echo͒ approximation must be obtained first. Matching pursuit algorithm is very efficient method for eliminating noise and can be used to obtain the high resolution approximation of the ultrasonic pulse-echo wavelet h͑t͒ in a redundant dictionary.
III. DECOMPOSITION AND APPROXIMATION OF ULTRASONIC PULSE-ECHO WAVELET
Let H be the Hilbert space H = R N . The inner product of vectors f, g H is defined as ͗f , g͘ = ͚ n f͑n͒g͑n͒ and the norm of a vector f is ʈfʈ = ͗f , f͘ 1/2 . Let D = ͕g i , i Z͖, where g i is unit-norm vector ͑ʈg i ʈ =1͒, span͑D͒ = H and card͑D͒ ӷ N be an overcomplete basis for H. D can be called overcomplete dictionary.
If a measured noisy ultrasonic pulse-echo wavelet can be expressed as follows:
where h͑t͒ is the ultrasonic pulse-echo wavelet, e͑t͒ can be characterized as WGN.
We look for decompositions of the signal x͑t͒ on the overcomplete dictionary D of indexed unit-norm vector g i , in the form
where ␣ i is the weight associated to the unit-norm vector g i . Our goal is to look for the appropriate number m to make the term ͚ i=1 m ␣ i · g i be the approximation of the ultrasonic pulse-echo wavelet h͑t͒ with a higher quality.
MP ͑Ref. 10͒ is an iterative algorithm that offers a suboptimal solution for decomposing a signal f in terms of unitnorm vector g i chosen from an overcomplete dictionary D. At the first iteration, the unit-norm vector g i which has the largest inner product with analyzed signal f is chosen. Then the contribution of this vector is then subtracted from the signal, and the process is repeated on the residual. At the mth iteration, the residue is
where ␣ i͑m͒ is the weight associated with the optimum unitnorm vector g i͑m͒ at the mth iteration. The weight ␣ i͑m͒ associated with each unit-norm vector g i D at the mth iteration is introduced to compute all the inner products with the residual r
The optimum unit-norm vector g i͑m͒ ͑and its weight ␣ i͑m͒ ͒ at the mth iteration can be obtained
The correlation updating procedure is performed as follows:
The correlations ͗g i͑m͒ , g i ͘ can be precalculated and stored, once overcomplete dictionary D has been determined. 8 The criterion chosen to stop the iteration is for two given residuals r m and r m+1 , if the error ratio of the mean square e = ͑r m+1 − r m ͒ / r m is less than a specified tolerance, then the matching pursuit stops.
and E͑·͒ is the expected value. makes the two given residuals r m and r m+1 have the same expected value, and it also can guarantee convergence of the ratio e = ͑r m+1 − r m ͒ / r m in the mean square.
The error criterion is used to monitor the acceptability of the unit-norm vector obtained by the matching pursuit performance. Moreover, the matching pursuit operation will continue until the error ratio of the mean square ͑r m+1 − r m ͒ / r m is less than a predetermine threshold. The error criterion is an important factor for the pulse-echo wavelet approximation while noise level is unknown; furthermore, it is generally different for different ultrasonic signals. Compared to that of the residual r m , when the mean square of the term ͑r m+1 − r m ͒ can be neglected, the optimum unit-norm vector g i͑m͒ at the mth iteration will make little contribution to the pulse-echo wavelet, it can be regard as a partial signal come from the additive noise. Thus, the MP operation process can be terminated. According to the MP algorithm, our method has to define the unit-norm vectors in the dictionary D and the way to approximate pulse-echo wavelet. Since a real time implementation is claimed for usefulness, the complexity of this method must be reduced as much as possible. Because MP is an iterative algorithm, the goal can be achieved if both the amount of operations at each iteration and the number of iterations to estimate pulse-echo wavelet are reduced.
In ultrasonic nondestructive testing, the magnitude spectrum of the transducer pulse-echo wavelet has bandpass characteristics. Hence, the overcomplete dictionary D can compose of unit-norm vectors g i,k that mimic the ultrasonic pulse-echo wavelet to be estimated, and, in turn, depend on the impulsive response of the transducer used in the experiments. The unit-norm vector in the dictionary D can be defined as the time-shifted Gaussian echo wavelet, and can be expressed as
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where ␥ k , f c , and k are the Gaussian echo wavelet parameters. The term 1 / ͱ normalizes the energy of Gaussian echo wavelet, and = ͱ / 2␥ k . They are related to the frequency and the bandwidth of the transducer response. L is the number of time shifts to take into account all possible flaw echo positions, N is the ultrasonic data length, and M is the length of the unit-norm vectors g i,k .
IV. NUMERICAL SIMULATIONS
Pulse-echo wavelet approximation method has been tested by a complicated simulated pulsed function which is
the convolution of two impulse response with different parameters vector. One impulse response is simulated Gaussian echo:
The parameters vector of the simulated Gaussian echo is ͓50 2.5 / 2 1.25͔. The other impulse response is given by
The simulated echo wavelet can be expressed as
where ™ * denotes convolution. Such a pulsed function is similar to pulse-echo wavelet in time domain, as depicted in Fig. 1 . To test the performance of such pulse-echo wavelet approximation method, different variances of zero mean WGN sequences are added to the simulated pulsed function with SNR of 20, 10, 5, 0, and −5 dB. Figure 2͑a͒ plots the time domain representation of simulated pulsed function with SNR of 20 dB. Figure 2͑b͒ shows the convergence curve of the error ratio of the mean square e = ͑r m+1 − r m ͒ / r m respected to the number of iterations in 16 runs of MP algorithm. It can be seen from Fig. 2͑b͒ that the algorithm converges to 1.0ϫ 10 −4 in 7 iterations. Figure 2͑c͒ plots the reconstruction result with the former seven large coefficient unit-norm vectors, and the mean square error between the reconstructed signal and the noise-free simulated pulsed function is 2.4026ϫ 10 −4 . It implies that the former seven unit-norm vectors can recover the pulsed function with higher quality. Figure 2͑d͒ shows the reconstruction result with all the decomposed unit-norm vectors. Because the noise level is very low, the mean square error between the reconstructed signal with all the decomposed unit-norm vectors and the noise-free simulated pulsed function is also very low, and the mean square error is 1.3528ϫ 10 −3 . For comparison, the noise-free simulated pulsed function ͑dotted line͒ is also plotted in the figure along with the reconstruction result ͑solid line͒. However, the approximation of a heavy noisy pulsed function with a SNR of 0 dB ͓Fig. 3͑a͔͒ is not the same as the noisy pulsed function with the SNR of 20 dB because heavy noise distorts the shape of the pulsed function. It can be seen from Fig. 3͑b͒ that the algorithm converges to the same point ͑1.0ϫ 10 −4 ͒ in five iterations. Figure 3͑c͒ plots the reconstruction result with the former five large coefficient unit-norm vectors, the mean square error between the reconstruction result and the noise-free simulated pulsed function is 1.117ϫ 10 −2 . The reconstruction result achieves a reasonable quality. However, the mean square error between the reconstruction result with all the decomposed unit-norm vectors and the noise-free simulated pulsed function is 8.429ϫ 10 −2 , and the shape of the reconstructed signal ͓Fig. 3͑d͔͒ is not similar to that of the noise-free simulated pulsed function. The estimation results for MP algorithm are tabulated in Table I in terms of the mean square error and the number of iterations. It can be seen from Fig.  2͑d͒, Fig. 3͑d͒ , and Table I that the error is significantly reduced in a small number of iterations, and the rest of the time is spent reducing the error by small amounts, sometimes, added with the increase in number of iterations. The rest decomposed unit-norm vectors are useless, and make little contribution to recover the pulsed function, and so it can be regarded as the component come from the additive noise. So, MP algorithm should be terminated when the algorithm converges to a specified tolerance. To test the estimation method of the TOA of the ultrasonic echo, a simulated ultrasonic has been used as following:
for 2 = 900 ␤ 3 = a 2 for 3 = 1500.
· ͑17͒
The parameter describes the delay between the reflected waves detected by the transducer. The parameter a has been used to simulate different attenuations in the material. 11 The attenuation in the real experiment results from absorption of energy in the test material as well as from deflection of energy from the path caused by reflection, refraction, and diffraction. The simulated pulsed function is used to simulate the pulse-echo wavelet. Figure 4͑a͒ shows the time domain representation of the simulated ultrasonic signal. White noise with 0 dB SNR was added to this signal. Figure 4͑b͒ represents the corresponding processed result by the matched filter h͑−n͒ ͑the time reversal of the simulated pulsed function͒. It can be seen from Fig. 4͑b͒ that the processed result presents a clear waveform, and the time that correspond with the peaks are 3, 9, and 15 s, respectively. Therefore, the TOA can be estimate exactly.
V. EXPERIMENTAL RESULTS
Ultrasonic detection signals are analyzed in order to validate the proposed method in this paper.
In the first experimental scheme, a steel sample block with approximately 4.8 cm thickness is tested using the unfocused longitudinal transducer with 2.5 MHz central frequency. The ultrasound signals were recorded in the format of A-scan with a sample frequency of 100 MHz. The pulseecho wavelet approximation method has been tested on the measured echo reflected from the front surface of the steel sample block. Figure 5͑a͒ Figure  6͑b͒ represents the corresponding processed result by the matched filter which is designed using the time reversal of the reconstruction pulse-echo wavelet. It can be seen from Fig. 6͑b͒ that the proposed method can be extremely efficient in eliminating noise in ultrasonic signal. In the second experimental scheme, an offshore pipeline specimen was applied in which a man-made 10ϫ 1 ϫ 5.6 mm 3 flaw was fabricated close to the outer wall. The experiment was done inside the pipe. The ultrasonic probe with 10 MHz central frequency and 6 mm diameter was used and water was selected as couplant. The flaw echoes were recorded in the format of A-scan with a sample frequency of 100 MHz. Figure 8͑a͒ Figure 9͑a͒ shows the measured ultrasonic signal. Three ultrasonic pulse-echo wavelets reflecting from the inner wall, outer wall, and the flaw are expected. It can be seen that the ultrasonic signal is contaminated by noises and only two pulse-echo wavelets ͑the inner wall echo wavelet and outer wall echo wavelet͒ can be identified distinctively. Figure 9͑b͒ represents the corresponding processed result. The reflection of the flaw is visible in Fig.  9͑b͒ . Three TOFs, 1.18, 3.30, and 5.19 s can be identified clearly in Fig. 9͑b͒ . The depth of the flaw can be calculated as 5.5755 mm.
VI. CONCLUSIONS
Many ultrasonic nondestructive testing applications require the accurate estimation of TOA or/and TOF of the ultrasonic echoes. However, the received signals might have been contaminated by noise originating from both the measurement system and the specimen. In these cases, it is impossible to obtain the accurate TOA or TOF from the received signals.
In this paper, based on the characteristics of the transducer pulse-echo wavelet, the overcomplete dictionary D has been defined. We use MP method to analyze noisy ultrasonic pulse-echo wavelet and decompose the noisy pulse-echo wavelet into elementary components. Because the overcomplete dictionary D is composed of the unit-norm vectors that mimic the transducer impulse response, the complexity of MP method is reduced. The error ratio of the mean square is used to monitor the acceptability of the unit-norm vector obtained by the matching pursuit performance. The approximation of the pulse-echo wavelet can be obtained by the reconstruction result with several large coefficient unit-norm vectors. The method is very efficient eliminating noise and the reconstruction result achieves a reasonable quality. Then, a matched filter can be designed by using the time reversal of the approximation pulse-echo wavelet. Performing the matched filter for the measured ultrasonic signal, the part of the signal related to the electrical noise will be removed leaving only the correlated portion of the ultrasonic echoes. The processed ultrasonic echoes have no initial phase. Therefore, the TOA can be estimated directly from the peaks of the representation of the processed signal. Numerical simulation results make evidence the good performance of the proposed approach which has good effect of noise suppression and results in much improved accuracy in the estimation of echo arrival time. Experimental results using real ultrasonic data further evaluate that the exact solution consistently yields the good performance. 
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